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ABSTRACT 


Traditionally,  fleet  vehicle  schedules  for  a  ass  transit 
systems  are  determined  by  using  a  minimum  cost  flew  model.. 
However,  with  constraints  such  as  an  upper  bound  or.  the 
number  of  lines  that  a  vehicle  can  service  in  a  vehicle 
block,  the  minimum  cost  flow  structure  is  lost.  Two 
heuristic  procedures,  a  matching-based  prccedur-  ar.d  time 
increment  procedure,  are  developed  for  scheduling  a  fleet  c? 
vehicles  under  these  additional  constraints.  These  proce¬ 
dures  attempt  to  minimize  the  average  number  of  lines  a 
vehicle  block  will  traverse  while  maintaining  a  high  av=rage 
number  cf  trips  per  vehicle  schedule,  low  deadhead  and 
waiting  times  and  a  minimum  number  of  vehicles  to  service  a 
timetable.  Both  procedures  minimize  a  weighted  sum  ccs~ 
funcricn  and  have  been  tested  on  two  databases  including  the 
aonterey-Salinas  Transit  system  in  California.  £  elutions 
comparable  to  the  present  vehicle  schedules  for  the 
Monterey-Salinas  Transit  system  were  obtained  using  these 
procedures. 
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For  a  mass  transit  system,  the  scheduling  of  drivers  and 
vehicles  is  a  problem  that  can  be  solved  with  numerous 
procedures.  This  thesis  only  addresses  the  vehicle  sched¬ 
uling  problem  but  it  does  so  in  a  way  chat  should  assise  in 
the  solution  to  the  driver  scheduling  problem. 

i.  B1CKGBOOHD 

The  state-of-the-art  in  the  scheduling  of  drivers  and 
vehicles  for  a  mass  transit  system  has  advanced  from  primi¬ 
tive,  but  yet  effective,  manual  methods  to  computerized 
procedures.  The  manual  methods  have  produced  reasonable 
solutions  but  have  several  disad vantages. 

1.  The  time  required  to  produce  a  solution  may  be  lengthy 
(several  weeks)  . 

2.  Extra  constraints  are  difficult  to  handle. 

3.  Alternate  solutions  cannot  be  tested  quickly  and 
effectively. 

Furthermore,  the  quality  of  a  manual  solution  for 
complex  problem  such  as  the  vehicle  scheduling  problem  with 
side  constraints  can  be  dependent  upon  the  experience  level 
cf  the  planner  cr  scheduler  and  it  is  becoming  extremely 
difficult  tc  train  new  schedulers. 

With  the  advent  of  computerized  procedures,  ocod 
feasible  solutions  can  be  quickly  found  ar.d  multiple 
feasible  solutions  can  be  efficiently  deriv=d  by  charging 
the  parameters  of  the  model.  Moreover,  computerized  proce¬ 
dures  can  reduce  the  effort  and  time  necessary  to  train  the 
novice  scheduler. 


Many  cf  the  earlier  co  input  arize  d  procedures  were  devel- 
cped  along  the  lines  of  run  cutring  which  takas  a  vehicle 
schedule  and  separates  the  schadule  i.nro  segments  or  pieces 
for  solving  the  driver  scheduling  problem.  The  first  large 
scale  computerized  i nplementation  of  run  cutting  was  called 
RUCUS.  The  RUCOS  system  for  scheduling  urban  mass  transit 
drivers  and  vehicles,  [Ref.  1],  was  developed  in  the  lata 
1960's  and  field  tested  in  the  early  1970's.  The  first 

version  cf  RUCUS  was  made  available  to  industry  in  1973. 
Since  SO  COS  was  developed  under  the  sponsorship  cf  the  Urban 
Mass  Transportation  Administration  (UMTA)  of  the  U.S. 
Department  cf  Transportation,  it  was  intended  fc  be  a 
general  package  available  to  and  usaola  by  a  wide  variety  of 
transit  agencies.  The  initial  experiences  with  RUCUS  were 
disappointing  in  the  sense  that  few  agencies  were  able  to 
successfully  use  it  without  significant  modification.  The 
later  version  of  RUCOS  (called  RUCUS2)  is  much  easier  to  use 
and  operates  in  a  more  "user  friendly"  environment. 
However,  RUCUS2  was  just  recently  released  by  UMTA  sc  that 
its  success  in  the  field  is  still  too  early  to  determine. 
Cth«r  approaches  to  solving  the  driver  ar.d  vehicle  sched¬ 
uling  problems  use  set  partitioning  and  set  covering 
methods,  [Ref.  2].  Except  in  isolated  cases,  these  proce¬ 
dures  have  not  yet  been  used  in  an  operational  environment. 
Heuristic  approaches  for  solving  these  problems,  [Bef.  3], 
are  the  concurrent  scheduler,  the  service  profile  decomposi¬ 
tion,  and  the  matching-b a sed  algorithm.  Again,  these 
procedures  have  only  been  used  in  the  field  in  isolated 
cases.  This  thesis  will  adapt  some  of  the  matching-based 
procedures  in  [Ref.  3]  and  [Bef.  4]  to  solve  the  vehicle 
scheduling  problem  with  interlining.  This  problem  is 
described  later. 
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E.  TBS  ALGCBITH  HIC  PHILOSOPHY 

The  algorithmic  philosophy  that  is  traditionally  used  ip. 
scheduling  vehicles  and  drivers  for  mass  transit  systems  is 
to  solve  the  vehicle  scheduling  problem  first,  perform  a  run 
cut  and  then  solve  the  driver  scheduling  problem.  Recently, 
this  philosophy  has  come  into  question  by  some  since  driver 
costs  dominate  vehicle  operating  cost  (generally  driver 
costs  can  be  well  over  half  the  operating  cost  of  a  system)  . 
Ey  solving  the  vehicle  scheduling  problem  first,  the  driver 
scheduling  solution  is  ’'locked  into"  the  vehicle  schedule 
solution.  A  discussion  of  the  recent  work  in  this  area  can 
he  found  in  [Bef.  2]  and  [Bef.  4],  Thus,  the  question 
arises  whether  it  is  better  to  develop  a  procedure  that 
simultaneously  schedules  vehicle  blocks  and  driver  pieces  or 
to  develop  vehicle  schedules  which  anticipate  the  potential 
run  cut.  This  analysis  has  been  attempted  [Ref.  4]  bu*  has 
not  yet  been  completed.  Preliminary  results  indicate  that 
such  an  approach  can  te  very  effective. 

C.  OYEBVIEi  OP  THESIS 

The  procedures  investigated  in  this  tr.es is  were  tested 
or.  a  database  from  the  Monterey  portion  of  the 
Monterey-Salinas  Transit  (MST)  system  and  one  other  database 
that  was  artifically  constructed.  These  approaches  only 
dealt  with  vehicle  scheduling,  not  driver  scheduling.  3y 
appropriately  selecting  the  weights  for  a  weigated  sum  cost 
function  and  creating  a  network  with  the  feasible  arcs 
having  the  costs  associated  ir.  these  procedures,  the  sched¬ 
uling  of  the  vehicles  can  be  manipulated  so  as  to  reduce  the 
total  deadhead  time  of  the  vehicles,  to  reduce  the  total 
waiting  time  of  the  vehicles,  to  reduce  the  average  num ter 
of  lines  a  vehicle  can  traverse  and  to  increase,  as  much  as 
possible,  the  average  number  of  trips  oer  vehicle  block. 


The  initial  work  or  the  vehicle  scheduling  from  the  MST 
database  was  carried  out  by  another  Naval  Post graduate 
School  student,  LCDB  M.  L.  Mitchell,  and  his  results  are 
compared  to  the  results  obtained  from  the  two  approaches 
investigated  here.  This  initial  study  has  significantly 
influenced  the  work  in  this  thesis. 

In  Chapter  II,  tha  definitions  of  the  mass  transit 
vehicle  scheduling  problem  are  given  and  in  Chapter  III,  the 
vehicle  scheduling  problem  is  formulated  mathematically.  In 
Chapter  IV,  the  heuristics  for  solving  the  problem  are 
developed  and  in  Chapter  V,  the  computational  results  are 
displayed.  The  conclusions  and  suggested  areas  for  further 
investigation  are  in  Chapter  VI. 


II.  PROBLEM  DEFINITION 


A.  THE  VEHICLE  SCHEDOLI NG  ER03LE8 


The  problem  studied  in  this  thesis  is  the  vehicle  sched¬ 
uling  problem.  This  problem's  principal  characterist ic  is 
that  each  task  to  be  serviced  his  a  specific  time  of  day 
when  the  task  is  to  begin  and  a  specific  time  of  day  when  it 
is  to  end.  This  should  be  contrasted  with  vehicle-  routing 
problems  where  the  tasks  to  be  serviced  ic  not  have  a  priori 
specified  times  for  beginning  and  ending  service.  A  vehicle 
schedule  must  be  feasible  it  both  time  and  space  since  a 
vehicle  cannct  be  at  two  locations  s.t  the  same  time.  A 
discussion  cf  the  contrast  between  vehicle  routing  and 
vehicle  scheduling  problems  is  given  in  [  Hef .  4]. 

The  sequencing  cf  the  vehicle  activities  in  bcth  time 
and  space  is  at  the  heart  of  vehicl*.  scheduling  problems. 
The  real-wcrld  constraints  tha*  commonly  determine  the 
complexity  cf  vehicle  scheduling  problem  are  the  following: 

1.  The  length  cf  time  a  vehicle  may  be  ir.  service 
before  returning  to  the  depot  for  servicing  or 
refueling. 

2.  The  servicing  of  certain  tasks  by  specific  vehicle 
types. 

3.  The  number  cf  depots  where  vehicles  may  be  housed. 

The  assumptions  for  this  thesis  which  are  deemed  reasonable 
in  the  context  cf  a  mass  transit  system  are  the  following: 

1.  Ihers  is  no  upper  bound  on  the  length  of  a  vehicle 
schedule. 

2.  Ill  vehicles  are  identical. 

3.  All  vehicles  are  housed  at  the  same  depot. 

4.  Any  task  can  be  serviced  by  any  vehicle. 
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The  objective  used  in  most  analyses  of  *  his  ty  c=  is  to 
minimize  total  number  of  vehicles  or  total  deadh=ai  -i.no 
(deadhead  rime  is  defined  in  rhe  next  seer  ion).  Because  of 
the  side  constraints  that  must  be  satisfied,  other  objec¬ 
tives  may  be  more  applicable.  In  this  study,  the  objective 
used  attempts  to  minimize  a  modified  linear  combination  of 
vehicle  deadhead  time,  waiting  time,  average  number  of  lines 
in  a  vehicle  block  and  average  number  of  lir.es/rumber  of 
trips  in  a  vehicle  block.  This  objective  is  defined  in  more 
detail  in  Chapter  III. 


B.  DEFI8ITIONS 

Hass  transit  systems  are  male  up  cf  lines  and  line 
schedules.  A  line  is  defined  to  be  a  specification  of  a 
start  location,  an  end  location  and  any  intermediate  stop 
locations  over  which  service  is  to  be  provided.  A  trio  is  a 
one-way  traversal  of  the  line  from  the  start  location  to  the 
end  location  through  the  intermediate  stops  in  the  crier 
specified.  A  lisa  schedule  is  defined  to  be  the  time 

schedule  for  a  line  ever  a  single  day  which  may  consist  o 
one  cr  nor  a  trips.  Figure  2.1  is  an  example  cf  a  lin- 
schedule  for  a  line.  The  timetable  for  the  transit  system 
is  the  collection  cf  line  schedules  for  all  lines  in  the 
transit  system. 

Typically,  a  vehicle  will  depart  the  garage  or  depot  in 
the  morning,  travel  to  a  start  location  of  a  line,  traverse 
several  trips,  travel  to  the  start  location  of  another  line, 
traverse  several  trips  of  this  line  and  continue  in  this 
manner  until  it  finally  returns  to  the  garage  cr  depot. 
Figure  2.2  is  an  example  of  a  vehicle  schedule  (Note:  WT  and 
CHT  are  defined  below).  Most,  if  not  all,  mass  transit 
systems  have  a  high  period  of  requirements  for  service  in 
the  morning  rush  (called  the  AM  peak)  ,  a  reduced  level  for 
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Figure  2.1  Sxaaple  of  a  Line  Schedule  for  Line  22. 

service  in  the  middle  part  cf  the  day  and  then  a  period  of 
high  requirements  in  the  late  afternoon  (called  the  PM 
peak)  .  is  a  result  of  the  AM  and  PM  peaks,  a  vehicle  car. 
return  to  the  garage  during  the  day  and  reappear  on  the 

streets  later  in  the  day. 

Fcr  the  remainder  of  this  thesis,  the  following  defini¬ 
tions  are  used: 

Vehicle  Block:  the  work  performed  by  a  vehicle  between 

traveling  tc  and  from  the  depot;  i.s.,  if  a  vehicle  left  and 

returned  to  the  depot  several  times  during  a  day,  its 
schedule  fcr  that  day  would  consist  of  several  vehicle 
blocks.  The  makeup  cf  the  vehicle  blocks  is  important 

because,  in  the  traditional  way  of  scheduling  drivers,  th*se 
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Figure  2.2  Example  of  a  Vehicle  Schedule. 


vehicle  blocks  are  broker,  up  ir. t  o  pieces  by  a  process  caiie 

run  cutting  and  these  pieces  are  then  used  ir.  driver  schsi 

ulir.g.  In  forming  the  vehicle  blocks,  a  scheduler  she  ll 

never  lose  sight  of  the  eventual  run  cut  tc  oe  performed, 

poor  vehicle  schedule  in  terms  of  how  the  vehicle  schedule 
when  cut,  satisfies  the  constraints  on  the  driver  schedule 
can  lead  to  a  poor  run  cut  and,  hence,  an  expensive  drive 
scheduling  configuration.  A  description  of  run  cutting  na 
be  feurd  in  [Bef.  1]. 

Vehicle  Schedule ;  the  combination  of  vehicle  blocks  tha 
makes  up  a  schedule  fer  a  single  vehicle. 

Eeadhjjjd  Time  ( DHT)  :  the  time  during  which  a  vehicle  i 

traveling  tut  is  not  involved  ir.  revenue  pro  due  in 
service, i.e. ,  not  traversing  a  trio  on  a  line. 

Waiting  Tire  (WT):  idle  time  before  or  after  a  trip  when 

vehicle  is  neither  traversing  a  trip  nor  deadheading.  I 
some  transit  agencies,  waiting  time  is  referred  tc  a 
layover  time. 


average  Nun; bar  of  Lines  oer  Vehicle  Block  (L/3)  :  summation 

cf  the  total  number  cf  lines  for  each  vehicle  block  divided 
by  the  total  number  cf  vehicles  blocks  required. 

Average  Number  of  Trips  per  Vehicle  Schjdule  (T/Y)  :  summa¬ 

tion  cf  the  total  number  cf  trips  for  each  vehicle  schedule 
divided  by  the  total  number  of  vehicle  schedules  required. 
Maximum  Number  of  Lines  (ML)  :  maximum  allowable  number  of 

liras  any  vehicle  block  can  traverse  rn  a  given  day.  ML  is 
a  value  that  can  be  specified  by  the  scheduler  for  the 
purpose  cf  producing  vehicle  schedules  which  can  be  config¬ 
ured  tc  assist  in  solving  the  driver  scheduling  problem. 

Alieva  bis  Deadhead  Tin  a  (MDHT)  :  maximum  deadhead 

time  allowed  for  a  vehicle  between  two  trips.  MDHT  is  a 
value  specified  by  the  scheduler  for  the  purpose  cf 
preventing  an  excess  amount  of  deadhead  time  in  a  vehicle 
block. 

Maximum  Allowable  Waiting  Time  ( ilwT)  :  maximum  waiting  time 

allowed  for  a  vehicle  between  two  trips.  *WT  is  a  value 
specified  by  the  scheduler  for  preventing  an  excess  amount 
cf  waiting  time  in  a  vehicle  block. 

A  vehicle  block  is  said  tc  interline  between  two  lines  A 
and  E  if  the  vehicle  is  tc  traverse  a  trip  on  line  k 
followed  by  a  trip  from  line  3.  The  vehicle  schedule  in 
Figure  2.2  is  made  up  of  two  vehicle  blocks.  Thus,  in  this 
vehicle  schedule,  there  is  interlining  between  line  7,  trip 
4  and  line  5,  trip  4  and  interlining  between  line  5,  trip  4 
and  line  7,  trip  11,  etc.  Vehicle  block  1  covers  trips  from 
r wo  lines,  lines  5  and  7  and  vehicle  clock  2  covers  trips 
from  three  lines,  lines  4,  5  and  7.  To  restrict  the  number 
cf  lines  that  a  vehicle  can  service  in  a  vehicle  block  is  to 
restrict  the  degree  of  interlining  in  the  block.  Th« 
vehicle  schedule  displayed  in  Figure  2.2  would  be  infeasible 
if  the  constraint  of  traversing  trips  from  only  two  lin®s  on 
a  vehicle  block  was  applied. 


Ia  the  procedures  developed  it  this  thesis,  the  Taximum 
number  cf  lines  in  a  vehicle  block  is  explicitly 
constrained.  To  the  author’s  knowledge,  no  ether  published 
procedure  developed  sc  far  tries  to  handle  this  constraint. 
Most,  if  not  all,  cf  the  procedures  have  net  handled  this 
type  cf  constraint  since  the  interlining  constraints  destroy 
the  simple  network  flow  structure  of  the  vehicle  scheduling 
problem.  Hcwevar,  these  constraints  should  not  ts  ignored 
since  a  very  restrictive  set  of  interlining  constraints  can 
significantly  cost  the  transit  agency  in  both  the  number  of 
vehicles  required  and  total  deadheading  and  waiting  time. 
Such  results  will  be  seen  later  in  this  thesis. 
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Ill-  FORMULATION  OF  THE  VEHICLE  SCHEDULING  PROBLEM 


For  the  formulation  cf  a  vehicle  scheduling  problem,  two 
types  cf  scheduling  problems  should  be  understood  as  obey 
apply  to  a  network.  The  two  types  are  those  without  side 
contraints  and  those  with  side  constraints. 

i.  SCHEDULING  PBOBLEH  WITHOUT  SIDE  CONSTRAINTS 

Most  procedures  for  solving  the  single  depot  vehicle 
scheduling  problem  partition  the  nodes  (tasks)  cf  an  acyclic 
network  into  a  set  cf  paths  in  such  a  way  that  a  specified 
cost  (objective)  function  is  minimized.  This  cost  function 
is  constructed  to  be  additive  over  the  arcs  in  the  network. 
Each  path  in  the  network  corresponds  to  the  schedule  for  a 
single  vehicle  [Hef.  3].  The  cost  function  generally  mini¬ 
mizes  either  the  number  of  paths  since  the  number  of 
required  vehicles  eguals  the  number  of  paths  or  the  total 
deadhead  times  of  the  vehicles. 

An  assumption  is  made  that  a  timetable  is  giver*  and  for 
each  trip  i  in  the  timetable,  the  start  time,  ST  ( i)  ,  end 
time,  ET  (i)  ,  start  location,  SL(i)  ,  end  location,  EL(i), 
line  number,  L(i),  trip  number,  T  (i)  ,  and  a  depot  are  speci¬ 
fied.  The  location  cf  the  depot  is  given  by  the  letters  s 
and  t  (s  and  t  are  defined  below).  Figure  3.1  is  an  example 
cf  a  timetable  sorted  by  the  start  time  of  the  tasks. 
Additionally,  a  deadhead  time  matrix,  D=DD  (EL  (i)  , SL  ( j) )  ,  is 
given  where  DD  (EL(i)  ,SL(  j) )  is  the  deadhead  time  required  to 
go  from  the  end  location  of  trip  i,  SL(i),  to  the  beginning 
location  cf  trip  j,  SL(j).  Since  a  vehicle  must  go  from  the 
depot  to  the  beginning  of  a  trip  or  from  the  ending  of  a 
trip  to  the  depot,  there  is  an  extra  row  and  column  in  the 
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Figure  3.  1  Timetable  Input  Example. 


deadhead  matrix  corresponding  to  the  deadhead  rime  into  and 
cut  of  the  depot. 

Fcr  a  vehicle  scheduling  problem  without  side 
constraints,  it  is  possible  to  create  a  network  from  this 
data  and  solve  the  scheduling  problem  using  a  minimum  cost 
flow  algorithm.  A  mathematical  formulation  of  the  minimum 
cost  flew  medal  can  fce  found  ir.  [Ref.  5].  The  structure  cf 
this  network  is  giver  as  follows: 

1.  Each  trip  i  in  the  timetable  is  represented  by  nodes  ♦i 
and  -i. 

2.  A  super  source  s  and  supersir.k  t  are  defined. 

3.  Table  I  displays  the  arcs  ir.  the  network.  It  is 
important  to  note  that  not.  all  -i  to  ♦j  arcs  are 
feasible  as  discussed  below. 

In  order  for  node  i  (trip  i)  to  be  scheduled,  flew  from 
neda  +i  to  -i  is  required.  Thus,  the  lower  bound  (LB)  and 
the  upper  bound  (OB)  cn  arc  (+i,-i)  equals  1.  The  ccst/unit 
flow  is  C.  The  cost  D  of  leaving  node  -i  and  going  to  the 
depot  (supersink  t)  is  equal  to  the  deadhead  time  from  EL  (i) 
tc  the  depot.  Also,  arc  (-i,t)  has  a  lower  bound  on  flew  of 
0  and  an  upper  bound  on  flow  of  inf  (inf inity) .  Similarly, 
the  cost  E  of  going  from  the  depot  (supsrsource  s)  tc  rodc 


TABLE  I 

Definition  of  Arcs 


From  |  TO  |  LB  |  U3  |  COST 

♦i  I  -i~T  1  I  1  I  0 

|  -i  ~l  t  I  0  |  inf  |  D 

_ s _ |  +i  \ _ <M  inf |  2 

2-i.i5ii— sir 

[  t  T  5  I  ~A  I  i  I  c  { 


♦i  is  equal  to  the  deadhead  time  from  the  depot  s  to  SL  (i 

and  arc  (s,+i)  has  a  lower  bound  on  flow  of  0  and  an  upce 

bound  on  flow  of  inf  (inf ini ty)  .  The  cos:  C  associated  wit 
going  frcm  t  to  s  is  0  if  minimizing  deadhead  time  cnly  o 
is  equal  to  the  capital  cost  of  the  vehicle  if  the  object iv 
is  to  minimize  a  modified  linear  combination  of  operatin 
and  capital  cost.  The  lower  bcund  for  t  to  s,  Ar  is  eithe 
0  or  the  minimum  number  of  vehicles  required.  The  uppe 
bound  value  B  is  either  the  maximum  number  of  vehicle 
allowed  or  infinity. 

An  arc  from  -i  to  +j  is  defined  only  if  it  is  feasifcl 

to  go  frcm  the  end  of  trip  i  to  the  beginning  of  trip  i 

This  will  be  feasible  if  Equation  (3.1)  is  satisfied. 


ST  ( j)  -  ET  (i)  -  DD  <EL(i)  ,  SL(j)  )  >  0 


Eqn  (3.  1) 


iith  no  additional  constraints.  The  cost  C ’  frcm  node  -i  t 
node  +j  is  generally  the  deadhead  time  or  the  waiting  tim 
encountered  in  gcing  from  EL(i)  to  SL  (j)  . 


B.  SCHEDULING  WITH  INTERLINING  CONSTRAINTS 


With  side  constraints  such  as  maximum  number  of  lines 
than  can  be  traversed  in  a  block,  a  different  approach  must 
be  used  since  the  mathematical  structure  of  the  minimum  cost 
flow  model  is  destroyed.  A  basic  property  of  flow  algor¬ 
ithms  is  that  they  do  not  have  memory;  i.e.  they  are  only 
interested  in  the  existence,  quantity  and  cost  of  flew  and 
not  in  the  additional  conditions  such  as  length  of  flow 
path.  In  attempting  to  set  up  the  above  network  when  the 
problem  has  side  constraints,  it  is  impossible  to  know  a 
priori  if  the  arc  from  -i  to  «■  j  will  exist  since  the  exis¬ 
tence  of  this  arc  is  dependent  on  the  conditions  on  the  path 
up  tc  nede  i  and  the  conditions  on  the  path  leading  out  of 
node  j.  To  illustrate,  suppose  the  path  through  -i  includes 
trips  from  3  different  lines;  trip  j  is  a  vehicle  block  by 
itself;  trip  j  is  from  a  different  line;  and  there  is  an 
upper  fccund  of  3  lines  on  any  vehicle  block.  Then,  an  arc 
from  node  -i  to  node  +j  will  not  be  feasible.  If  trip  j  is 
a  trip  from  one  of  the  lines  already  on  the  path  tc  node  -i, 
then  this  arc  would  be  feasible.  Flew  algorithms  ar=  not 
able  tc  test  for  these  conditions. 

In  Chapter  IV,  twe  basic  iterative  algorithms  are  devel¬ 
oped  tc  solve  the  vehicle  scheduling  problem.  The  feature 
cf  these  algorithms  is  that,  unlike  the  vehicle  scheduling 
problem  without  side  constraints,  the  procedures  define  a 
sequenc3  cf  networks,  each  network  dependent  upon  the  algor¬ 
ithm  used  (matching-based  cr  time  increment)  and  an  arc 
between  trips  i  and  j  is  allowed  only  if  interlining  condi¬ 
tions  are  met  in  addition  to  the  feasibility  requirement  of 
Equation  (3.1).  Additionally,  if,  out  cf  trip  i,  there 
exists  acre  than  one  feasible  trip  j,  then  a  decision  has  to 
be  made  as  to  which  trip  j  to  select.  The  twe  algorithms 
utilize  the  same  basic  cost  function  for  concatenating  trips 


into  partial  vehicle  blocks  which  allows  for  a  decision  to 
select  the  trip  j  that  minimizes  the  cost  if  More  than  one 
trip  is  feasible.  For  the  discussion  on  the  cos*  function, 
it  will  be  assumed  that  one  vehicle  block  ends  with  *rip  1 
and  another  vehicle  block  begins  with  trip  j. 

C.  CCS1  FUNCTION  FOB  CONCATENATION  OF  TRIPS 

Fcr  the  vehicle  scheduling  problem  with  interlining 
constraints,  the  cost  function  that  is  minimized  is  a  Modi¬ 
fied  linear  weighted  sum  of  vehicle  deadhead  time,  vehicle 
waiting  time,  number  of  lines  traversed  in  a  vehicle  block 
and  number  cf  lines/ number  of  trips  in  a  vehicle  block.  The 
iterative  algorithms  require  the  costs  to  be  tabulated  as 
each  new  trip  j  is  added  *o  a  vehicle  block  ending  with  trip 
i.  It  is  dene  in  the  following  manner.  Assume  -hat  there 
exists  a  partial  vehicle  block  associated  with  trip  i  where 
trip  i  is  the  last  trip  on  the  vehicle  block  and  a  partial 
vehicle  block  with  trip  j,  where  trip  j  is  the  first  trip  on 
the  vehicle  block.  Then,  the  cost  for  concatenating  the 
partial  vehicles  blocks  for  trip  i  and  trip  j  is  given  in 
Equation  (3.2)  . 

c*  (i,  j)  =  A 1  x  LC  ♦  A2  XTC  ♦  A  3  x  DD  (EL  ( i)  ,  SL  ( i?  j 

♦  A4  X  max  (ST  (  j)-ET(i)-DD  (EL(i)  ,5L  (j)  )-5  ,0)  Eqr.(3.2) 

where  A 1  is  the  weight  factor  for  number  lines  traversed. 

LC  is  the  •‘■ota  1  number  cf  lines  an  the 
concatenated  block. 

A 2  is  the  weight  factor  for  TC. 

TC  is  the  LC  time  100  divided  by  number  of  trips 
in  the  concatenated  block. 

A3  is  the  weight  factor  for  deadhead  time. 

A 4  is  the  weight  factor  for  waiting  time. 
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Equation  (2.2)  used  the  four  factors  for  the 
described  below. 


:-’s  rn  = 


If  cost  was  not  important,  the  ideal  schedule  would  have 
each  vehicle  block  traverse  only  one  line  during  a  day.  Such 
a  schedule  could  be  extremely  costly  since  it  would  require 
a  large  number  of  vehicle  blocks  and/or  drivers  and  probably 
create  a  situation  with  extreme  amounts  of  deadhead  time  for 
qoing  back  and  forth  to  -he  depot  cr  waiting  tim*.  This 
situation  will  be  seen  in  the  computational  results.  This 
ideal  schedule  is  prcbably  net  practical  because  of  budg¬ 
eting  considerations.  Thus,  a  solution  procedure  should 
insure  that  the  average  number  of  lines  ir.  each  vehicle 
block  will  be  as  small  as  possible.  In  this  way,  when  a  run 
cut  is  administered  to  each  vehicle  block,  driver  costs  are 
reduced.  Therefore,  in  the  procedures  developed  here,  a 
penalty  is  incurred  if  a  vehicle  block  traverses  mere  than 
one  line.  This  penalty  increases  linearly  with  the  number  of 
different  lines  the  concatenated  vehicle  block  would  trav¬ 
erse.  This  factor  has  a  weight  cf  41. 

If  keeping  the  number  cf  lines  traversed  ir.  a  vehicle 
block  to  a  minimum  is  a  goal,  a  weight  factor  is  designed 
which  takes  into  account  the  number  cf  lines  traversed 
divided  by  the  number  of  trips  for  a  vehicle  blocs.  If  a 
vehicle  block  traverses  only  one  line  on  a  given  day  then 
the  ratio  is  small  unless  the  vehicle  block  traverses  only 
cne  trip.  A  vehicle  block  which  traverses  two  cr  three 
lines  while  covering  ten  trips  may  be  better  than  a  vehicle 
block  that  only  covers  one  line  with  one  trip.  Since  this 
number  is  small  when  compared  to  the  total  deadhead  and 
waiting  time  terms  in  Equation  (3.2),  this  number  is  scaled 
by  multiplying  by  100.  This  factor  has  a  weight  of  A2. 

Cne  cf  the  most  undesirable  features  of  a  vehicle 
schedule  fer  a  mass  transit  system  is  excess  deadhead  time. 
Deadhead  time  is  costly  in  terms  of  driver  oav  heurs  and 


vehicle  operating  costs.  of  course,  some  deadhead  rime  is 
an  unavoidable  ccst  such  as  when  a  vehicle  leaves  -he  de re¬ 
fer  the  first  time  of  the  day  and  when  the  vehicle  returns 
to  the  depot  at  the  end  of  the  day.  However,  or.e  wants  to 
prevent  as  much  as  possible  the  deadhead  between  the  end 
location  cf  one  trip  and  the  start  location  of  the  next  trip 
in  a  vehicle  block  or  the  return  cf  -he  vehicle  to  the  depot 
during  the  day.  A  weight  of  A3  is  assigned  to  the  deadhead 
time  tc  go  from  EL(i)  tc  SL(j). 

Waiting  time  is  another  expense  that  the  transit  agency 
wishes  tc  hold  to  a  minimum  since  the  vehicle  is  not 
producing  revenue  when  wanting  and  the  driver  has  to  be  paid 
when  the  vehicle  is  idle.  However,  a  little  waiting  time 
can  be  cf  benefit  tc  the  system.  A  layover  cf  less  than 
five  minutes  is  net  considered  a  penalty.  An  example  is  the 
following.  If  the  waiting  time  is  small,  it  might  be 
possible  to  connect  two  trips  with  the  same  line  number  into 
a  vehicle  blcck  cr  it  might  oe  possible  to  use  waiting  time 
to  have  a  driver  relieved  by  another  driver.  Also,  waitincr 
time  can  be  used  as  a  period  of  time  for  the  driver  to  have 
a  break  cr  for  the  schedule  tc  be  caught  up  (if  *:he  vehic.- 
is  running  late).  A  factor  was  assigned  to  waiting  time  *r.  2 
carried  a  weight  of  A4. 
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IV.  HE am ST ICS  FOB  THE  VEHICLE  SCHEDULING  PROBLEM 


In  t his  chapter,  two  basic  procedures  for  creating  a. 
initial  set  of  vehicle  blocks  under  interlining  constraint 
are  described.  These  procedures  are  the  "tine  incremen 
procedure"  and  the  "matching  procedure".  Also,  ir.  thi 
chapter,  the  block  improvement  procedure  for  forming  a 
improved  set  of  vehicle  blocks  from  the  initial  set  o 
vehicle  tlccks  is  given.  Additionally,  in  this  chapter,  tv 
procedures  for  concatenating  the  vehicle  blocks  into  a  fine 
vehicle  schedule  are  presented.  These  procedures  (cufsid 
of  the  block  improvement  procedure)  repeatedly  concatsnat 
vehicle  tlccks  ir.tc  larger  vehicle  blocks  or  vehicle  sched 
ules.  A  description  of  how  these  procedures  fit  toast  he 
info  a  set  of  algorithms  for  solving  the  problem  conclude 
this  chapter. 

A.  INITIAL  VEHICLE  ELOCK  PROCEDURES 

1  •  Tims  Increment  Prcc sdurs 

Ir.  the  time  increment  method,  a  time  interva 
(t1,t2)  is  first  defined.  Each  pair  of  trips,  i  and  j, 
the  timetable  is  examined  in  a  specified  order  in  an  attemp 
to  find  a  combination  of  trips  that  minimizes  the  arc  ccs 
(Equation  (3.2))  and  that  satisfies  fhe  following 
conditions: 

SI  (j)  -ET  (i)  <  f 2  Eqn  (4.  1) 


SI  (j)  -ET  (i)  >  tl 


Eqn  (4.2) 


SI  (j)  -*T<i)-DD<EL(i),SL(j>  )  >  0 


Eqn  (4,3) 


where  DD  (EL  (i)  ,  S  L  ( j)  )  is  the  deadhead  tin®  to  gc  from  the 
and  location  of  trip  i  to  the  start  location  cf  trip  j.  At 
node  i,  the  arc  cost  C*  ;i#  j)  for  all  trips  j  which  satisfy 
equations  (4.1)  to  (4.3)  is  calculated.  Trip  k  is  selected 
to  fellow  trip  i  or.  a  partial  vehicle  schedule  if 

c*  (i,k)  =  sir.  C'  (i, j)  .  Eqn  (4.4) 


Of  course,  if  trip  i  is  the  end  trip  of  one  partial  vehicle 
block  and  trip  k  is  the  beginning  trip  of  a  second  partial 
vehicle  block,  this  operation  concatenates  the  vehicle  block 
beginning  with  trip  k  to  the  end  cf  the  vehicle  block  ending 
with  trip  i,  creating  a  !.on ger  vehicle  block. 

For  a  trip  i.  the  procedure  starts  with  an  interval 
(t1,t2)  where  t1*1  and  t2 *DELTA  and  examines  all  trips  i 
which  satisfy  Equations  (4.1),  (4.2)  and  (4.3).  Upon 

completing  the  examination  of  ail  trips  j,  a  new  time 
interval  (t 1 ,t2)  is  formed  where  t1=t2+1,  t2=t 1 ♦ DELTA- 1  and 
the  process  is  repeated.  The  initial  study  done  on  the  MSI 
database  by  LCDR  Mitchell  is  a  special  case  of  the  meshed. 
The  initial  study  looked  at  increments  of  1  minute,  i.e. 
t2=t  1 .  ifcs  first  trip  j  which  satisfied  Equations  (4.1), 
(4.2)  and  (4.3)  was  concatenated  with  trip  i  and  any  other 
possible  trip  was  ignored.  Chapter  V  will  discuss  the 
sensitivity  to  DELTA. 

The  basic  steps  of  the  time  increment  procedure  is 
as  fellows: 

Step  1:  Input  a  timetable,  let  DELTA  and  VALUE  be  specified 
and  sort  the  timetable  by  the  start  time  cf  each  trip. 
(DELTA  is  the  length  of  the  time  interval  and  VALUE  is  the 
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maximum  amount  of  acceptable  waiting  time  or  deadhsi; 

DELTA  is  less  than  or  equal  tc  VALUE.) 

St^p  £\  Set  lower  liaiit  for  time  interval  tl  =  1  and  set 
limit  for  time  interval  t2= min (DELTA ,  VALUE).  Let  i=1. 

Step  3:  For  trip  i, 

3. a.  If  trip  i  is  net  the  last  trip  in  a  vehicle  b 
increasnt  i  and  go  tc  Step  3  unless  i  equals  the  numb 
trips  in  the  timetable,  then  go  to  Step  8. 

3 .  b .  Compute  the  number  of  different  lines  t ravers 
the  partial  vehicle  block  associated  with  trip  i.  Let 
♦  1. 

Step  4:  For  trip  j, 

4.  a.  If  trip  j  net  the  start  of  a  partial  vehicle  b 
increment  j  and  go  to  Step  4  unless  j  greater  -rat  the 
number  cf  trips  in  the  timetable,  then  go  to  S'tep  5. 

4 .  b .  If  trip  j  does  not  satisfy  Equations  (4.1),  (4.2)  and 
(4.3)  ,  increment  j  and  go  tc  Step  4  unless  j  greater  t ha¬ 
tha  number  cf  trips  in  the  timetable,  then  go  to  Step  5. 

4.c.  Compute  the  number  cf  different  lines  ar.d  number  tt 
trips  that  would  be  traversed  if  the  partial  vehicle  birch 
up  tc  and  including  trip  i  was  concatenated  witn  th=  partsa.'. 
vehicle  block  commencing  with  trip  j. 

4.  d .  If  the  total  number  of  lines  traversed  is  greater 
than  maximum  number  cf  lines  permitted,  increment  j  and  go 
to  Step  4  unless  j  greater  that  the  number  of  trips  *.r  the 
timetable,  then  go  tc  Step  5. 

4.e.  If  the  deadhead  time  or  the  waiting  time  as  greats:; 
than  the  aaximuir  allowed,  increment  j  and  gc  to  Step  4 
unless  j  greater  that  the  number  of  trips  in  the  timetable, 
then  gc  tc  Step  5. 

4 .  f .  Compute  ccst  cf  an  arc  using  Equation  (3.2). 

4.q.  If  ccst  is  greater  than  or  equal  to  previous  minimum 
cost,  increment  j  and  go  to  Step  4  unless  j  greater  that  the 
number  of  trios  in  the  timetable,  then  gc  to  Step  5. 


4.h.  Seplace  previous  minimum  cost  by  cost,  1st  j*=j,  (j* 
is  the  current  candidate  to  concatenate  with  trip  i)  incre¬ 
ment  j  and  gc  to  Step  4  unless  i  greater  that  the  number  of 
trips  in  the  timetable,  then  continue. 

Jte£  5:  Let  j  =  i+1.  Let  t1=t2+1.  Let  t2=min  (t  1* DELTA-1 , 
VALUE)  and  go  to  step  4  unless  tl  is  greater  than  VALUE. 
Then,  continue. 

Stac  6:  If  a  trip  j*  found,  connect  trip  i  to  trip  j*  on  the 
vehicle  block. 

Step  2:  Increment  i  and  go  to  step  3. 

Step  8:  Stop.  (Vehicle  blocks  have  been  completed.) 

2 •  batching  Procedure 

The  matching  method  adapts  some  cf  the  prcc-iures  ir. 
[Hef.  4].  Unlike  the  time  increment  method  which  only  looks 
at  one  tr :.p  at  a  time,  the  matching  algorithm  examines  more 
than  one  trip  at  a  time.  The  matching  procedure  requires 
that  the  level  of  ea^h  node  (trip)  be  specified.  The  level 
of  a  node  is  the  relative  depth  of  the  node  in  respect  tc  a 
particular  starting  node,  that  is,  the  maximum  number  of 
trips  which  could  precede  it  in  a  vehicle  block.  Let  trip  i 
be  represented  by  node  i  in  a  network.  An  arc  exists  from 
node  i  tc  ncde  j  if  Equation  (3.1)  is  satisfied  anc  the  arc 
is  given  a  cost  of  1.  Each  ncde  is  connected  to  a  superr.cde 
s.  The  level  of  each  node  i  is  defined  by  the  longest  path 
from  i  tc  i.  Since  the  network  is  acyclic,  all  longest 
paths  can  be  easily  fcund  [  Ref .  3]. 

The  algorithm  precedes  as  follows.  All  trips  at 
level  1  are  called  partial  vehicle  blocks.  A  matching 
problem  with  self  loops  (a  node  can  be  matched  to  itself)  is 
defined  where  the  partial  vehicle  blocks  on  level  1  are  cr.e 
set  cf  nodes  and  the  trips  on  level  2  are  a  second  set  of 
nodes.  The  arc  costs  are  as  defined  in  Equation  (3.2),  and 
the  self  lccp  costs  (the  cost  of  not  concatenating  a  trip 
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with  another  trip)  are  set  to  a  large  number.  The  solution 
tc  the  latching  problem  finds  the  "best”  set  of  partial 
vehicle  blocks  for  all  trips  on  levels  1  and  2.  The  partial 
vehicle  blccks  on  levels  1  and  2  now  become  a  set  of  nodes 
and  the  trips  on  level  3  become  a  set  of  nodes.  The  arc 
costs  are  again  defined  by  Equation  (i.2)  and  the  self  loop 
costs  are  set  to  a  large  number.  The  solut ion  to  the 
matching  problem  finds  the  "best"  set  of  partial  vehicle 
blocks  on  levels  1  through  3.  This  procedure  continues 
until  all  levels  have  been  examined. 

Seme  of  the  nodes  may  not  be  matened  in  -.he  matching 
problem  defined  cn  level  k  for  a  variety  of  reasons.  For 
example,  the  number  of  partial  vehicle  blccks  on  levels  1 
through  k-1  may  be  less  than  (greater  than)  the  number  of 
trips  cn  level  k.  If  a  node  (partial  vehicle  block)  is  not 
matched  cn  a  lower  level,  its  level  is  raised  and  it  is 
included  in  the  matching  for  the  next  level.  /'or  example, 
if  level  1  had  3  nodes  and  level  2  had  cr.lv  2  nodes,  then 
the  ere  unmatched  node  from  level  1  is  added  to  the  list  of 
possible  candidates  for  the  matchrng  problem  from  l°vel  2  to 
level  3.  This  upgrading  of  the  partial  vehicle  blccks 
continues  until  it  is  not  possible  to  match  th:.s  node  with 
any  nede  on  the  next  level  because  the  maximum  deadhead  or 
maximum  waiting  time  constraints  are  violated. 

The  basic  steps  for  the  matching  procedure  are: 

Step  J:  Input  a  timetable  and  set  up  a  network  where  each 
arc  has  a  ccst  of  1. 

jtep  2:  Find  longest  path  from  s  to  each  node  i  and  assign 
each  node  the  appropriate  level. 

Step  3:  let  all  trips  or.  level  1  be  called  partial  vehicle 
blocks  and  let  i=1 . 

$tep  4:  For  level  k  =  i+ 1 , 

4. a.  Find  all  feasible  arcs  from  the  partial  vehicle 
blocks  on  levels  1,2,...,  k-1  to  the  trips  on  level  k  by 


using  Eguazicn  (3.1)  and  find  the  associated  arc  cos-  using 
Equation  (3.2). 

4 . t .  Set  self  looping  cost  as  a  large  number. 

4.c.  Find  minimal  matching  cost  solution  and  update  the 
partial  fclccks. 

Step  5:  Increment  i  and  go  to  step  4  unless  all  levels  have 
been  matched. 

Step  6:  Stop.  (Initial  vehicle  blocks  have  been  found.) 

3.  Elcck  Improvement  Procedure 

The  block  improvement  procedure  is  based  on  the 
concept  that  the  vehicle  blocks  might  be  improved  in  the 
sense  of  reducing  the  number  of  different  lines  in  a  vehicle 
block.  This  is  accomplished  by  '‘freeing  up"  the  ends  of 
each  vehicle  block  and  solving  a  matching  problem.  The 
procedure  finds  the  start  of  a  vehicle  block  and  compares 
the  line  number  for  the  first  two  trips.  If  these  trips  are 
from  the  same  line  schedule,  the  second  and  third  trips  ar=> 
compared  for  the  same  line  number.  If  these  trips  are  from 
the  same  line  schedule,  the  third  and  fourth  trips  are  simi¬ 
larly  compared.  If  all  four  trips  are  from  the  same  line 
schedule,  the  vehicle  block  is  removed  from  consideration 
for  the  block  improvement  procedure. 

There  are  twc  ways  to  have  a  vehicle  block  become 
eligible  fcr  this  procedure;  first,  if  the  vehicle  block 
contains  less  than  four  trips,  or  second,  the  vehicle  block 
has  interlining  within  the  first  four  trips.  If  a  vehicle 
block  has  less  than  four  trips  ar.i  each  of  the  crips  are 
from  the  same  line  schedule,  the  vehicle  block  is  defined  as 
a  node  in  LIST1  which  is  a  partial  listing  of  nodes  to  be 
used  for  a  matching  problem.  If  a  vehicle  block  has  inter¬ 
lining  within  the  first  four  trips,  the  vehicle  block  is 
split  between  the  twc  trips  where  the  interlining  occurs. 
The  partial  vehicle  block  up  to  the  interlining  is  defined 


as  "a  node  in  LIS11  and  the  split  off  portion  is  defined  as  a 
nods  in  IIST2  which  is  a  partial  listing  of  the  second  set 
cf  cedes  for  a  matching  problem. 

After  all  the  nodes  in  IIST1  and  LIST2  have  been 
defined,  feasible  arcs  are  determined  by  Equation  (3.1) 
between  nodes  in  LIST1  and  LIST 2  with  arc  costs  determined 
by  Equation  (3.2).  Self  looping  cost  are  defined  as  zero 
for  nodes  in  LIST1  and  as  a  large  number  for  nodes  in  LI5T2. 
This  is  to  ins 'ore  that  at  a  minimum  of  the  old  vehicle- 
blocks  will  be  redefined  as  a  vehicle  block  and  not  create 
mere  vehicle  blocks  than  originally  started  with.  A  minimum 
cost  matching  problem  is  solved  and  the  vehicles  blocks  arc 
updated  by  the  solution.  As  soon  as  the  procedure  is 
complete  on  the  front  end  of  each  vehicle,  the  procedure  as 
applied  tc  the  tail  end  of  each  vehicle  block.  For  the 
tails,  a  total  of  four  tripe  car.  be  examined,  just  as  with 
the  front  of  each  vehicle  block,  and  the  procedure  examines 
the  last  four  trips  from  the  last,  trip  cf  the  vehicle  block 
backwards.  Upcr  completing  the  examination  of  the  tails 
the  front  portion  of  the  updated  vehicle  blocks  is  locked  at 
again.  The  procedure  continues  until  no  changes  are  found 
for  either  end  and  then  stops.  To  prevent  ‘•he  possibility 
cf  an  endless  loop  or  an  excessive  amount  of  time  being 
taken,  the  procedure  only  allows  a  fixed  number  cf  itera¬ 
tions.  Chapter  V  discusses  me  sensitivity  to  the  number  of 
trips  into  a  vehicle  block  that  the  procedure  checks  for  the 
same  line  being  traversed. 

The  steps  of  the  blocx  improvement  procedure  are  as 

follows : 

$t gp  J:  Input  an  initial  set  of  vehicle  clocks.  Let  1=1. 
?tep  2:  Fcr  trip  i, 

2. a.  If  trip  i  is  net  the  first  trip  on  a  vehicle  block, 
incremer.*  i  and  go  to  Step  2  unless  i  equals  the  number  of 
trips  in  the  timetable,  then  go  tc  Step  5. 
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2«b.  If  trip  i  is  a  single  trip,  place  trip  i  in  LI3I1, 
increment  i  and  go  tc  Step  2  unless  i  equals  the  number  of 
trips  in  the  timetable,  then  go  tc  Step  5. 

2«c.  Let  trip  j  be  the  successor  to  trip  i  and  let  i*  =  i. 
Step  3:  ler  trip  j, 

3. a.  If  trip  i*  and  trip  j  are  not  trips  from  the  same 
line  schedule,  place  trip  i*  into  LIST1  and  -rip  j  into 
LIST 2  and  gc  to  Step  4. 

3 .  t .  If  trip  j  is  the  last  trip  in  a  vehicle  block,  plac= 
trip  j  into  LIST  1  and  go  to  Step  4. 

3.c.  let  trip  i*  =  trip  j  and  let  trip  j  be  the  successor 
trio  tc  trip  i *  and  go  to  Step  3  unless  trip  i*  is  the 
fourth  trip  in  a  vehicle  block,  then  continue. 

Step  4:  Increment  i  and  go  to  Step  2  unless  i  equals  the 
number  cf  trips  in  the  timetable. 

Step  5:  Find  all  feasible  arcs  from  nodes  in  LIST  1  tc  nodes 
in  LI  ST  2  by  Equation  (3.1)  and  the  arc  costs  by  Equation 

(3.  2)  . 

Step  6:  Set  self  looping  costs  for  LIST1  equal  tc  rare  and 
for  LIST 2  equal  to  a  large  number. 

St ep  7:  Find  the  minimum  ccst  matching  solution  and  update 
the  vehicle  blocks. 

Step  8:  Ssceat  the  procedure  for  the  ends  of  eacr.  vehicle 
block  using  the  reverse  cf  the  procedure,  i.e.  find  the  last 
trip  in  each  vehicle  block  and  find  its  predecessor,  e-c. 
Step  9:  If  there  was  a  change  in  the  vehicle  blocks  after 
both  ends  of  the  vehicle  blocks  have  been  through  the  proce¬ 
dure,  let  i  =  1  and  gc  to  Step  2. 

Step  TO:  Stop.  (Vehicle  blocks  have  been  updated.) 
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E.  COUCHES ATING  BLOCKS  FOB  VEHICLE  SCHEDOLES 
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1  •  Th€  Cr  eedy  Appro ach 

The  previous  procedures  fora  a  ss:  of  feasible  vehi¬ 
cles  blocks.  This  procedure  forms  a  set  of  vehicle 
schedules  from  the  vehicle  blocks.  This  procedure  is  greedy 
is  tbat  it  concatenates  the  very  firs-  feasible  vehicle 
block  ro  the  end  of  the  vehicle  block  beir.g  examined.  This 
concatenated  vehicle  block  is  termed  a  longer  vehicle  block. 
At  the  end  of  this  procedure,  the  set  of  longer  vehicle 
blocks  are  the  vehicle  schedules. 

The  steps  in  the  greedy  approach  are  as  fellows: 

Step  1:  input  a  set  of  initial  blocks.  Let  i=1. 

Step  2:  Fcr  trip  i , 

2. a.  If  trip  i  is  not  the  end  of  a  vehicle  block,  incre¬ 
ment  i  and  gc  to  Step  2  unless  i  equals  the  number  cf  trips 
in  the  tire-able,  then  gc  to  Step  5. 

2.  b.  Let  j*i«-1. 

Step  3:  Fcr  trip  j, 

3.  a.  If  -rip  j  is  net  the  start  of  a  vehicle  block  cr  is 
previously  assigned,  increment  j  and  go  to  Step  3  unless  j 
greater  than  the  number  of  trips  in  the  time  table,  then  or 
to  step  4. 

3.b.  If  Equation  (3.1)  is  not  satisfied,  increment  j  and 
gc  to  Step  3  unless  j  greater  than  the  number  of  trips  in 
the  time  table,  then  go  to  Step  4. 

3.c.  Concatenate  the  vehicle  block  that  starts  with  trip  i 
to  the  vehicle  block  that  ends  with  trip  i  to  form  a  longer 
vehicle  block. 

Step  4:  Increment  i  and  go  to  Step  2  unless  i  equals  the 
number  of  trips  in  the  timetable. 

gtep  5:  Stop.  (Final  set  of  longer  vehicle  blocks  are  -.he 
final  vehicle  schedules.) 
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2.  The  Matching  Approach 

The  Batching  approach  forms  vehicle  schedules  from 
vehicles  blocks  by  a  repealed  solution  of  a  matching 
problem.  The  nodes  in  the  matching  procedure  are  the  end 
trips  and  the  beginning  trips  for  each  vehicle  block.  The 
procedure  defines  all  feasible  arcs  by  Equation  (3.1)  and 
their  associated  costs  by  Equation  (3.2)  and  selves  a 
minimum  cost  matching  problem. 

The  steps  to  the  matching  approach  are  as  follows: 
Stso  J:  Input  an  initial  set  of  vehicle  blocks. 

Step  2:  Find  the  ending  nodes  of  all  vehicle  blocks  and  the 

starting  nodes  of  all  vehicle  blocks. 

Steo  3:  Find  all  feasible  arcs  by  Equation  (3.1)  b-:-weer.  the 
end  r.cdss  cf  each  vehicle  block  and  the  start,  nodes  of  each 
vehicle  fclcck.  Determine  the  arc  cost  oy  Equation  (3.2). 
Step  4:  Set  self  looping  cost  equal  to  a  large  number. 

Step  5:  Find  the  minimum  cost  matching  solution. 

Step  6:  Step.  (All  nedes  matched  in  the  solution  are 
concatenated  tc  form  vehicle  schedules.) 

C.  UTILIZATION  OP  THE  HEURISTICS 

The  methods  to  derive  vehicle  blocks  car:  be  efficiently 
combined  with  the  approaches  used  to  create  vehicle  sched¬ 
ules.  Tc  generate  results  shown  in  Chapter  v,  all  cf  the 
possible  combinations  were  examined  initially  and  the  ones 
that  derived  the  best  solutions  were  examined  more  closely. 
Table  II  lists  the  possible  combinations  with  the  associated 
index  that  will  be  used  to  display  results  in  tables  in 
Chapter  V.  For  example,  if  in  examining  a  table  located  in 
Chapter  V  and  the  method  used  was  d TD=1 ,  then  the  vehicle 
blocks  were  created  by  the  time  increment  method  and  the 
vehicle  schedule  was  derived  by  using  the  greedy  approach. 
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In  this  chapter,  the  methods  shown  in  Table  II  for 
creating  vehicle  blocks  and  schedules  «tre  applied  tc  twc 
different  databases.  -  the  MST  database  ar.d  ore  database 
artificially  generated  -  and  the  results  are  displayed  and 
evaluated.  The  procedures  are.  evaluated  as  tc  their 
validity  fcr  use  in  solving  the  vehicle  scheduling  problem. 

A.  HCDE1  VALIDATION 

1  •  Table  Notation 

The  abbreviations  used  ir.  the  columns  of  the  taoles 

are : 


ML:  maximum  number  cf  lines  in  a  vehicle  block. 


MTD:  heuristic 

a etho  ds 

to  derive  the 

vehicle  schedu 

aS  • 

The  number  in 

the 

cclu  m 

identifies  the 

method  used 

and 

corresponds  to 

t  hat 

row  in 

Tab!  e  II,  5.  g.  , 

if  MTD  is  8, 

the 

venicle  blocks 

are 

d  s  ri  ve  d 

bv  the  match 

itg  procedure 

an  .3 

block  improvement  procedure  combined  -.her.  the  matching 
approach  is  used  tc  concatenate  the  vehicle  blocks  into 
vehicle  schedules. 

NT:  total  waiting  time  for  a  venicle  schedule. 

DHT:  total  deadhead  time  for  a  vehicle  schedule. 

N8:  number  of  vehicle  blocks  required. 

L/E:  average  number  of  lines  traversed  per  vehicle  block. 
VS:  total  number  of  vehicle  schedules. 

T^V:  average  number  of  trips  per  vehicle  schedule. 
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2.  3 ST  System 

The  Monterey  portion  of  the  MST  system  is  composed 
cf  16  different  lines  and  240  trips.  The  timetable  utilized 
was  catsd  effective  20  November,  1982.  This  timetable  was 
used  since  in  was  readily  available,  nor  tremendously 
complex  and  easily  reproduced  since  the  Rider's  Guide, 
[Bef.  6],  contained  the  predecessor  and  successor  trips  for 
each  trip.  The  MST  timetable  dealt  only  with  the  Monday 
through  Friday  schedule.  This  schedule  had  a  large  AM  peak 
and  a  somewhat  smaller  PM  peak.  It  also  had  20  different 
starting  locations  excluding  the  depot.  In  the  MSI  data, 
the  maximum  number  of  lines  a  vehicle  was  found  to  traverse 
in  a  vehicle  block  was  7.  The  deadhead  time  was  approxi¬ 
mately  1105  minutes,  the  waiting  time  was  1417  minuses,  the 
number  of  vehicle  blocks  was  35,  the  number  cf  vehicles 
scheduled  was  26  and  the  number  of  lines/vehicle  block  was 
2.94.  Table  III  tabulates  this  information. 

TABLE  III 

MST  System  Schedule 


1 — 

ORIGIN 

AL 

SCHEDULE 
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I 

) 

WT  | 

DHT| 

NB| 

L/B 

VS  | 

T/v  i 

1  41 7  | 

L 

1105| 

35| 

2.94 

26) 

9.23  j 

3 •  Initial  Stud y 

The  initial  study  by  LCDR  Mitchell  was  carried  cur 
as  a  term  project  in  a  seminar  class  on  Routing  and 
Scheduling  at  the  Naval  Postgraduate  School,  October  to 
December,  1982.  The  approach  taken  was  to  generate  the 

vehicle  blocks  using  a  time  increment  method  with  the 


increment  being  i  m  irur  s.  Vher.  a  trip  j  was  found  -hat 

coaid  be  concatenated  with  a  trip  i,  the  trips  were  joined 
together  to  form  a  partial  vehicle  block.  Th°s?  partial 

vehicle  blocks  did  not.  necessarily  have  to  begin  at  -he 
depot;  the  vehicle  scheduling  procedure  took  this  into 
account  when  forming  the  vehicle  schedules.  The  vehicle 
scheduling  procedure  tried  to  exchange  trips  between  the 
vehicle  blocks  to  reduce  deadhead  or  waiting  tines  cr  number 
cf  lines  traversed.  Table  IV  shows  the  results  for  the 

T  ABL2  IV 

Initial  Study  Results  -  HST  Database 
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2. 53 

8.57 

4  |  1C42) 

16  39 

4  1  | 

3.781 

5.85 

1  2c52| 

11  23 

28| 

2. 75  1 

8.57 

t  l 

5  |  1 C  4u  | 

14  341  37 

4  .  59  ) 

6.49 

I  26231 

11  23 

2  9 1 

2 . 6  9  ( 

3.27 

7  |  1113| 

1291 

2  9  | 

6.  10| 

3.27 

|  2644| 

11  23 

29J 

2. 82| 

8.57 

10  26441 

11  23 

2  8  | 

2.82  1 

3.57 

1  195| 

i 

1099 

26 

6.881 

9. 23 

1  15  !  28441 

11231  261 

2.821 

8. 57 

j  1  1 1534 

1099 

26  | 

S  .85| 

9.23 

1 

y.  ?or  each 

maximum 

1  ins 

MD  , 

ociated  with 

it  ; 

the 

f — rs 

t  row  i 

ks  and  the  second 

row 

is  th 

e  n  urn  be 

sr  the  ccncat 

enating  pr 

oc  sdu 

re  was 

,  this  methcd 

gave  infe 

r  ior 

results 

As 
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TABL2  7 

Time  Increment  Resalts  -  HST  Database 


l---; 

f-'z 


Earameters: 

A 1  =  1  A  2=  1  A3=  1  A4=  1  MDH T=  20  MWT=  30 


[HIIMTDII  wt 

DHT  J  NB|  L/B 

VS|  T/V  ] 

1 

1  1 

2634| 

16431 

55 

1.001 

29 

8.27 

1 

2 

2634 

16431  55 

1.00!  29 

8.27 

1 

3  | 

2  6  34 

1643| 

55| 

1  .  00 

30 

9.00 

1 

4  1 

2634 

1643 

55 

1.00|  30 

8.00 

1 

~  2 

1  1 

2601 

1425 

45 

1 . 60 

29 

3.  27 

2 

2  i 

2594 

1425 

451  1.48 

29 

0.27 

2 

3  ! 

2601| 

14251 

451 

1  .  60 

29 

8.  27 

2 

4  I 

2594 

1425|  45 (  1.48 

29 

8.27 

1  1 

1  2604 

1349 

42 

1.90 

29 

8.  27 

3 

2  1 

j  2532 

13251  421  1.71 

31 

7.74 

3 

3  1 

|  2604| 

13491 

42| 

1.901 

29( 

8.  27 

3 

4  I 

I  2  532 

13251  4  2  j  1.71 

31 

7.74 

-  - 

T-, _ 

4 

“7“T 

2493| 

13  291 

a  1 

2.02 

29 

3.  27 

4 

2 

2455 

1329!  41 

1  .  87 

29 

6.27 

4 

3  1 

2493 

13  29 

4  1 

2.02 

29 

8.  27 

4 

4  I 

2455 

1329J  41 

1.37 

29 

8.  27 

5 

1 

2519 

12811 

39 

2.07 

29 

8.  27 

5 

2 

2501 

12691  391  1.92 

30 

3.00 

5 

3 

2519 

1281 

39 

2.07 

29 

3.27 

5 

4 

2501 

12  69|  39|  1.92 

30 

8.00 

7 

”7 

2519 

1281 

39 

2.07 

29 

8.  27 

7 

2 

2501 

1269!  391  1.92 

30 

8.00 

7 

3 

2519 

12811 

39 

2.07 

29 

8.  27 

7 

4 

2501 

12€9|  3  9  |  1.92 

30 

8.  00 

10 

1 

2  519 

1281 

39 

2.07 

29 

8.  27 

10 

2 

2?01 

1269 

39 

1.92 

30 

8.00 

10 

3 

2519 

1281  I 

39 

2.07 

29 

3.  27 

10 

4 

2501 

1269 

3  9 |  1.92 

30 

8.00 

if 

_7 

I  2519 

12811 

39 

2.07 

291  9.  27! 

15 

2 

I  2501 

12  69!  391  1  .  921  301  6.001 

15 

3 

I  2519 

12811 

39! 

2.07 

29t  0.  27  l 

15 

— 

4 

1  2501 

12  69|  3  9 |  1.921  30 |  6.  0C  j 

4 •  Hue  In crem  ant 

Fcr  the  nuns  cn  the  MST  database,  the  maximum  allo¬ 
wable  deadhead  time  was  set  equal  no  twenty  minutes  and  thc 
maximum  allowable  waiting  time  was  sen  equal  to  thirty 
minutes.  Table  V  displays  the  results. 
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In  this  analysis,  with  A 1 =  A 2=  A3=  A4=  1  and  MI=  1, 
the  results  from  the  methods,  MTD  =1,2,3  and  4,  were  the 
same.  This  was  expected  since,  with  .1L  =  1,  *he  time  incre¬ 
ment  prccecure  is  basically  a  first  in  -  first  cut 
algorithm.  The  results  differed  greatly  when  ML  was  changed 
from  1  tc  2  and  then  to  3.  When  ML  was  increased,  "-he  total 
deadhead  time  and  waiting  time  was  decreased.  With  ML  >  4, 
the  results  stabilized.  Other  than  for  ML  of  1,  the  block 


improvement  procedure  reduced  the  av=rags  number  of  lines 
traversed  per  vehicle  block  (L/3)  and  generally  reduced  both 
waiting  and  deadhead  time.  The  concatenation  of  the  vehicle 
blocks  into  vehicle  schedules  was  affected  by  th=  method 
used  to  derive  the  initial  vehicle  blocks.  The  block 
improvement  procedure  generally  increased  the  number  of 
vehicles  required  but  reduced  the  average  number  of  lines 
per  vehicle  block.  Since  the  four  methods  ( MTD  =  1,  2,  3  cr 
4)  produced  equivalent  results,  the  analysis  in  the 
remainder  of  this  .paper  concentrated  or.  method  4,  time 
increment  procedure  with  block  improvement  and  matching 
approach  for  the  concatenating  of  vehicle  blocks  into 
vehicle  schedules. 


The  sensitivity  of  the  time  increment  procedure  to 
the  size  cf  the  interval  (t1,t2)  was  examined.  By  holding 
all  the  ether  parameters  A1,  A2,  A3,  A4,  MDHT  and  MW? 

constant.  Table  VI  shows  the  results  of  varying  DELTA  from 
one  minute  up  tc  thirty  minutes.  In  general  terms,  th^- 
bigger  the  DELTA,  the  smaller  the  average  number  cf  lines 
traversed  in  a  vehicle  block.  For  minimizing  deadhead  or 
waiting  time,  a  value  of  DELTA  between  five  to  ten  minutes 
appear  tc  give  the  best  result.  Since  one  objective  of  this 
work  was  tc  minimize  the  number  of  lines  traversed  in  a 
vehicle  blcck,  a  thirty  minute  DELTA  was  used,  but  with  the 
understanding  that  it  does  not  result  in  the  minimum  waiting 
and  deadhead  tima. 
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TABLE  ?I 

Time  Interval  Sensitivity 


Parameters: 


A 1  =  1  A 2=  1  A3=  1  A 4=  1  KDHT=  20  MWT=  30 


ML  { BELT  A| 


1 

3 

5 

10 

15 

20 

25 

30 


!  N3|  L/3  1 


3 1  15 

31  20 

3  25 

3  30 


2486 

2486 

2447 

2447 

2275 

2285 

2517 

2594 

*2  062 
2  C62 
2021 
2090 
2056 
2202 
2530 
2532 


1452 
14  52 
14  13 
14  13 
1466 
1559 
14  25 
14  25 

13  78 
1378 
1345 
1289 
1403 
13  20 
1293 
1325 


48  |  1.77 
4  8  |  1.77 
461  1.65 
46  1.65 

4  8 |  1.75 
52|  1.53 
451  1.53 
45 |  1.48 

”4  5  i  ~2  .Tr 
451  2.31 


43  2.41 

40  2.32 

45  2.  17 

41  2.09 

40  1.35 

42  1.71 


T/V  j 


30  8.00 

30  e.oo 

29  0.27 

29  6.27 

29  6.27 

30  6.00 

29  8.27 

29  6.  27 


23)  8.57 
23  i  3.57 
27 |  8.38 
27 |  8.80 
27 |  8.88 
28|  8.57 
3  C |  9.00 
3  1  j  7.74 


I  4  |  25  | 

1  4|  30  | 


2223 
2223 
2095 
2  167 
2126 
2254 
2410 
2455 


12  37i 

1237 
1129 
1152 

1238 
12  50 
1269 
1329 


39  2.76 

39  2.76 

34  2.35 

36  2.77 

39  2.71 

39  2.53 

39  2.  12 

41  1.37 


3.68 
8.98 
8.2  3 

3.57 
8.  57 

8.57 

6.00 


29|  0.27} 


5 .  Matching 

Table  VII  shews  the  results  of  usrr.g  the  matching 
procedure  tc  generate  the  initial  set  of  vehicle  blocks  for 
the  MST  timetable  (MTC  =  5r  6r  7,  9)  .  The  results  indicate 
that  the  matchinc  procedure  is  independent  of  whether  cr  net 
block  improvement  was  used.  This  result  was  expected  since 
the  matching  procedure  attempts  to  find  the  minimum  ccst 
matching  solution  while  forming  the  initial  vehicle  blocks. 
Again,  the  potential  cost  of  the  system  increases  as  th® 
value  of  ML  gets  smaller.  Since  there  is  no  real  difference 
in  the  method  used,  method  8,  the  matching  procedure  with 
block  improvement  for  the  vehicle  blocks  and  matching 


TABLE  VII 

Hatching  Resalts  -  HST  Database 


Parameters : 

A 1=  1  A2=  1  A3=  1  A4=  1  HDHT=  20  MWT=  30 


|  MLIHTDII  HT  J  DHT 

N B |  L/B 

VS|  T/V  1 

1 

5 

2647 

16  21 

5  3 |  1.00 

29 

8.  27 

^1 

1 

6 

2647 

1621 

531  1.00 

29 

3.27 

1 

7 

2647 

1621 

53 

1 . 00 

30 

8.00 

1 

8 

2647 

16  21 

5  3  |  1.00 

30 

8.00 

2 

5 

2343 

13  38 

41 

1.75 

27 

3.88  1 

2 

6 

2361 

1326 

41 

1.75 

28 

8.571 

2 

7 

2343 

13  38 

41 

1.75 

27 

8.881 

£ 

8 

2361 

1326 

4  1  |  1.75 

28 

8.57| 

2j 

5 

1  946 

1 1  931 

36 

2 .22 

27 

8.881 

3 

6 

1946 

1 1  93 

36 

2.22 

27 

a. set 

3 

7 

1946 

1 1  93| 

36| 

2.22 

271 

8.98  | 

3 

8 

1946 

11  93 

36 

2.22 

27 

8.881 

J 

4 

5 

1689 

1136 

33 

2.63 

26 

9.  23 

4 

6 

1689 

1136 

33 

I  2.63 

26 

9.23 

4 

7 

1689 

1136 

33 

2.63 

26 

9.23 

4 

8 

1689 

1  1  36 

33 

2.63 

26 

9.23 

5 

5 

1432 

1136 

33 

2.93 

26 

9.23| 

5 

6 

1432 

!  11361  33 

2.93 

26 

9.231 

5 

7 

1432 

1136 

33 

2.93 

26 

9.231 

5 

8 

1432 

1136|  33 

2.  93 

26 

9.231 

_ _ 1 

7 

5 

1421 

1136 

33 

2. 87 

26 

9.  23 

7 

6 

1421 

1  11361  33 

i  2. 87 

26 

9.23 

7 

7 

1421 

11  36 

33 

2.87 

26 

9.  23 

7 

8 

1421 

1136|  33 

2.87 

26 

9.23 

10 

5  | 

1421 

11  36 

33 

2.87 

26 

9.  23 

, 

10 

6  1 

1421 

11  36 

33 

2.87 

26 

9.23 

10 

7 

1421 

11  36 

33 

2.87 

26 

9.  23 

10 

8  1 

1421 

1136 

33 

2.87 

26 

9.23 

15 

5 

1421 

1136 

33 

2. 87 

261  9.23 

15 

6 

1421 

11  36 

33 

|  2.37|  261  9.23 

15 

7 

1421 

11  36 

33 

2.87|  26|  9.23 

15 

8 

1421 

11  36 

33 

2.87J  26|  9.23 

approach  for  the  concatenation  of  the  vehicle  block 
vehicle  schedules,  was  used  for  the  remainder  of  the 
analyses  cn  the  HST  database. 
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-  6 •  Comparison  of  the  Scheduling  Man hods 

Since  the  Monterey  portion  of  the  MST  s  vs  ten  was 
constrained  to  have  no  more  than  seven  lines  per  vehicle 
block,  the  validation  of  these  procedures  was  carried  out 
with  KL  8  7.  Table  VIII  shews  the  results  with  the 


TABLE  VIII 

Coaparison  -  HST  Database 


Method  | 

KT  | 

DHT  | 

NB| 

L/3  | 

VS| 

T/V 

MST  | 

1417| 

1  1051 

35! 

2.94| 

26  | 

9.  23 

Initial  | 

2844  | 

1123J 

29! 

2.32! 

28! 

8.  57 

Time  1 

2501  | 

1  269| 

39! 

1.92J 

30| 

8.  00 

Matching  1 

1421  | 

1  136| 

33| 

2.97| 

26| 

9.23 

MST  refers  to  the  ore  sent  MST  data 
Initial  refers  to  the  initial  study 
Time  refers  to  MTD  4 
Matching  refers  to  MTO  8 

different  scheduling  methods.  The  deadhead  time  for  the 
present  MST  schedule,  for  th  s  initial  study  and  for  the 
matching  procedure  all  are  very  close.  Since  the  numb  =r  of 
vehicle  blocks  for  the  tine  increment  method  is  larger  than 
the  ether  methods,  the  time  increment  method  has  more  dead¬ 
head  time  because  of  the  larger  number  of  trips  tc  and  from 
the  garage.  In  addition,  the  time  increment  method  had  more 
waiting  time,  number  of  vehicle  blocks,  and  number  of 
vehicle  schedules  but  a  smaller  average  number  of  lines 
traversed  per  vehicle  block.  The  time  increment  merhed  is 
higher  in  the  areas  discussed  but  it  is  felt  that  by 
changing  the  weights  for  each  factor  that  this  approach  will 
produce  good  solutions.  Since  the  initial  merhod  gives 
inferior  results,  it  will  not  be  considered  any  further  in 
this  thesis. 
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Kith  the  same  parameters#  it  appears  the-,  the 
matching  method  generates  a  soluton  which  require--  less 
deadhead  tine,  fewer  vehicle  blocks,  a  smaller  r.utbsr  of 
vehicle  schedules  and  more  waiting  time  when  compared  with 
the  tiae  increment  prccadure.  From  these  results,  cte  would 
probably  prefer  the  matching  method  to  the  time  increment 
method  fcr  generating  the  initial  vehicle  blocks  for  the  sst 
system.  The  block  improvement  procedure  has  little  effect 
cn  the  results. 


E.  EFFECTS  OF  CHANGING  THE  FACTORS  HEIGHTS 

Tc  show  the  effects  of  changing  the  weight  factors,  two 
cf  the  fcur  factcrs  (A1,  A2 ,  A3  and  A4)  were  held  constant 
and  the  ether  factors  varied.  This  approach  was  selected 
since  the  number  of  lines  per  vehicle  block  and  the  number 
cf  lines  divided  by  the  number  of  trips  were  related  and 
total  deadhead  time  and  waiting  time  were  related.  The 
metho-ds  examined  are  HTD  U,  the  time  increment  method  with 
block  improvement  and  matching  used  for  concatenating  the 
vehicle  blocks  into  vehicle  schedules,  and  STD  8,  the 
matching  method  with  block  improvement  and  matching  used  for 
concatenating  the  vehicle  blocks  into  vehicle  schedules. 

1  •  j* fight  F act 0,13  A_1  a  nd  A 2 

Height  factor  A1  is  the  factor  associated  with  the 
number  of  lines  traversed  in  a  vehicle  block.  The  weight, 
was  considered  to  be  small  and  used  only  as  a  tie  breaker 
when  seeking  to  find  the  ’’best"  trip  j  to  concatenate  with 
trip  i.  Height  factor  A2  is  the  factor  associated  with  th* 
number  of  lines  divided  by  the  number  of  trips  in  a  vehicle 
block.  The  results  in  Table  IX  demonstrate  that  for  both 
the  time  increment  and  the  matching  procedures  as  one 
increased  either  A1  or  A2,  the  number  cf  lines/vehicle  block 


TABLE  IX 

Weight  Factors  &1  and  A2 


Parameters: 

A  3=  1  A4=  1  HDHT=  20  HWT=  30 


MLIMTDH  MT  |  DHT  \  NB|  L/B  |  VS  |  T/V  |  A 1  |  A2J 


2 

4 

2594 

1425 

45 

1.48 

29 

8.27 

1 

1 

2 

4 

2386 

1548 

53 

1.81 

31 

7.74 

0 

0 

2 

4 

2  466 

1401 

46 

1 . 65 

30 

8.00 

1 

0 

2 

4 

2587 

1413 

45 

1.43 

30 

3.00 

2 

1 

2 

4 

2652 

1392 

44 

1.40 

29 

8.27 

10 

1 

2 

4 

2  59  4 

1425 

45 

1.48 

29 

8.27 

0 

1 

2 

4 

2667 

1377 

43 

1.44) 

29 

8.27 

1 

2 

2 

— 

4 

2  67  9 

1377 

43 

1.44 

29 

8.27 

1 

10 

8 

2361|  1326 

~4T 

1.75 

28 

8.57 

1 

i 

1 

2 

8 

20001  1530 

50 

1.94 

28 

3.57 

0 

0 

2 

8 

216  6| 

1405 

44 

1.90| 

28 

8.57 

1 

0 

2 

8 

2  36  1 

1326 

41 

1.75 

28 

8.57 

2 

1 

2 

8 

2  48  2 

12891 

40 

1.75( 

28 

8.57 

10 

1 

2 

8 

23161  1338 

41 

1.80 

27 

8.88 

0 

1 

2 

8 

2  534 

12801 

40! 

1.75 

28 

8.57 

1 

2 

2 

8 

2  491|  1329 

_ 40 

1.70 

27 

8.88 

1 

10 

3 

4 

2532 

1325 

42 

1.71 

___ 

7.74 

1 

1 

3 

4 

197  5 

1391 

45 

2.62 

23 

8.57 

0 

0 

3 

4 

1976 

1321 

42 

2.35 

27 

8.88 

1 

0 

3 

4 

2  5651 

1292 

40 

1.80 

29 

8.27 

2 

1 

3 

4 

26731 

1305 

40 

1.60 

29 

8.27 

10 

1 

3 

4 

2  528 

1353 

42 

1.76 

29 

8.27 

0 

1 

3 

4 

26931 

13051 

40 

1  .57 

29 

8.27 

1 

2 

31 

” 

4 

27121 

1305 

40 

1. 57 

29 

3.27 

1 

10 

_ -  -  . 

*“1946" 

1193| 

36 

2.22 

27 

8.88 

1 

1 

3 

8 

1  003 

129  9 

40 

2.75 

27 

8.88 

0 

0 

3 

8 

174  0 

12661 

38 

2.57 

27 

8.88 

1 

0 

3 

8 

1933 

1206 

36 

2.  22 

27 

3.88 

2 

1 

3 

8 

197  3 

1193 

36( 

2 . 22 

27 

8.88 

10 

1 

3 

8 

1946 

1193 

36 

2.  22 

27 

3.88 

0 

1 

3 

8 

214  5 

12451 

36  I 

2.22| 

27 

3.88 

1 

£ 

3 

8 

2  128 

1171 

34 

2.00 

27 

8.88 

1 

10 

t — - : - - - : - : - : - - - : _ : - j 


(L/B)  decreases,  the  total  deadhead  tiae  and  total  vehicles 
required  decreases  ard  the  total  waiting  rime  increases. 

2.  Weight  Factors  A3  and  A 4 

The  weight  factor  on  deadhead  rime  is  A3  and  the 
weight  factor  on  waiting  time  is  A4.  The  results  in  Table  X 
indicate  that  when  A3=  A4  =  0  gives  very  reasonable  results 
except  with  respect  to  total  waiting  tiae  of  the  vehicles. 
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TABLE  Z 

Weight  Factors  A3  and  A4 


Earamet  ars : 

A 1=  1  A2=  1  MDHT=  20  M  WT=  3  0 


ML  JUTE  ||  »T  |  EHT 

NB| 

L/B 

VS 

T/V 

A3 

A4 

2 

4 

2  59  4 

1425 

45 

1.48 

29 

8.27  1 

1 

1 

2 

4 

2682 

1377 

43 

1.44 

29 

8.27i 

0 

0 

2 

4 

2700 

1386 

44 

1.43 

30 

8.00 

1 

0 

2 

4 

2  59  4 

142  5 

45 

1.48 

2  9 

8.27 

2 

• 

2 

4 

2466 
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Large  values  of  A3  and  A4  give  the  smallest  waiting  time  bur 
the  largest  value  of  lines  per  vehicle  block. 

C.  EFFECTS  OH  TBIP  DEPTH  FOR  BLOCK  IMPROVEMENT 

The  purpose  of  the  block  improvement  procedure  is  to 
reduce  the  number  of  lines  per  vehicle  block  (L/B) .  The 
procedure  allows  the  removal  of  up  to  fcur  trips  from  a 


depth  into  a  vehicle  block  (the  depth  of  a  vehicle  block  is 
defined  tc  be  the  number  of  trips  into  a  vehicle  block) 
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Trip  Depth  Affects 
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which  can  be  split  apart.  Table  XI  is  a  comparison  of  the 
methods  when  the  depth  is  changed  from  two  trips  tc  four 
trips.  The  column  in  Table  XI  that  is  labeled  DEPTH  refers 
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block,  waiting  time  and  deadhead  time.  The  matching- based 
procedure  was  not  affected  by  this  procedure. 


0.  APPLICATION  TO  AN  ARTIFICIAL  DATABASE 

Tc  determine  the  generalities  of  thsss  results,  a 
second,  artifical  database  was  generated.  Figure  5.1  shows 
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Figure  5.1  Database  2  Route  structure. 


how  a  timetable  was  constructed.  The  depot  was  located  a' 
node  A.  Tc  illustrate,  the  first  trip  associated  with  lins 
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1  would  begin  at  7.00  and  have  a  duration  or  75  minutes. 
The  second  trip  associated  with  line  1  would  begin  at  7.0? 
and  have  a  duration  cf  75  minutes,  etc.  The  headway  is  the 
interval  cf  time  between  successive  trips  leaving  a  speci¬ 
fied  starting  node  for  a  specified  line.  The  period  cf  time 
that  was  covered  by  the  timetable  was  5  hours  and  resulted 
in  a  timetable  which  consisted  of  230  trips.  Tabl*  XII 


TABLE  III 

Database  2  Initial  Results 


Parameters : 
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shows  the  initial  results  for  methods  4  and  8.  Bethea  4 
again  stabilized  very  early  ar.d  continued  tc  have  a  very  low 
number  of  lines  per  vehicle  block  but  did  "pay"  for  this  in 
higher  waiting  time,  deadhead  time  and  number  of  vehicle 
blocks.  In  contrast,  method  8  (matching)  ended  wi-h  a 
higher  L/B  but  significantly  reduced  WT,  DHT,  ME  ar.d  vs. 
These  solutions  again  seem  to  indicate  that  the  matching- 
based  procedure  is  preferable  to  the  time  i  r.crement 
procedure. 

Varying  the  weighting  factors  showed  similar  results  as 
those  obtained  from  the  MST  database.  Table  XIII  shows  the 
effects  cf  varying  A1  and  A2.  For  method  4,  there  was  a 
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Database  2  -  Varying  A1  and  A2 
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significant  decrease  in  S”  and  DHT  and  a  significant 
increase  in  average  lines  per  vehicle  block  when  A2  equalled 
0  as  compared  to  when  A2  *  1.  Also,  values  cf  WTr  BHT ,  and 
L/B  appear  independent  of  the  weight  on  A1.  A  similar  se- 
of  results  was  noted  fc  r  method  3.  Again,  these  results 
seem  tc  indicate  tha -  only  A2  needs  a  weight. 

Table  XIV  shows  the  results  of  varying  the  weights  on  A3 
and  A4.  Increasing  the  weight  on  A3  and  A«  decreases  the 
deadhead  time  but  increases  the  number  of  lines  per  vehicle 
block  and  number  of  vehicle  schedules  and,  for  the  time 
increment  method,  increased  the  waiting  time. 

For  the  same  parameter  settings,  the  matching  procedure 
clearly  dominated  the  time  increment  prccedur®  with  respect 
to  total  deadhead  time  and  number  of  vehicle  schedules  and 
was  clearly  inferior  in  terms  of  lines  per  vehicle  block. 
For  MI  *  3,  the  matching  procedure  had  less  waiting  time 


VI.  CONCLUSIONS  AND  ABBAS  FOB  FUgTHEB  INVESTIGATION 


The  procedures  developed  attempted  to  minimize  the 
average  number  of  lines  Traversed  in  a  vehicle  hicck  while 
maintaining  a  high  average  number  of  trips  per  vehicle 
schedule.  Both  procedures  used  a  modified  linear  weighted 
sum  cost  function,  Equation  (3.2),  to  derive  the  cc srs  cf 
concatenating  trip  i  to  a  trip  j.  The  factors  included  the 
number  of  lines  traversed  in  a  vehicle  block,  the  number  of 
lines  traversed  divided  by  the  number  of  trips  in  a  vehicle 
block,  tbs  deadhead  and  waiting  times. 

A.  CONCLUSIONS 

These  procedures  can  be  applied  to  obtain  a  reasonable 
solution  for  a  vehicle  scheduling  problem  with  interlining 
constraints.  The  matching-based  procedure  consistently 
obtained  a  tetter  solution  in  terms  of  waiting  and  deadhead 
-imes,  number  of  vehicle  blocks  and  average  number  of  trips 
per  vehicle  schedule.  The  time  increment  procedure  cid 
result  in  a  lower  average  number  cf  lines  traversed  per 
vehicle  block.  However,  it  is  possible  to  increas®  the 
value  of  A2  so  as  to  have  the  matching-based  procedure 
produce  results  comparable  to  the  time  increment  procedure. 
For  example,  when  A2  equaled  10,  the  results  fcr  both 
methods  or.  the  MST  data  set  were  nearly  identical  for  L/B. 
The  CEU  time  for  both  of  these  procedures  averaged  less  than 
5  seconds  on  an  IBM  3033  so  computational  time  was  not 
considered  a  factor  in  the  comparison  of  the  two  methods. 

Eased  or.  the  assumptions  and  the  results  of  this  study, 
it  is  possible  to  find  reasonable  solutions  to  the  vehicle 
scheduling  problem  with  interlining  constraints.  One  can 
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vary  the  solution  by  increasing  or  decreasing  the  values 
associated  with  each  factor  ar.&  some  gen-ral  guidelines  car. 
be  established.  A1,  the  factor  for  the  number  of  lines 
traversed  is  not  a  dominant  factor  but  it  can  -  be  useful  to 
break  ties.  A2 ,  the  factor  associated  with  the  number  of 
lines  traversed  divided  by  the  number  of  trips,  can  dominate 
the  solution  and,  by  increasing  or  decreasing  its  weight,  a 
desired  value  can  be  found.  The  use  of  the  factor  A3,  for 
deadhead  tine,  is  obvious  as  is  Au,  the  factor  for  vaitiacr 
time.  Ey  varying  A3  and  A4,  solutions  car.  be  changed 
dramatically  but  it  is  obvious  that  the  deadhead  time  factor 
should  have  a  weight  greater  than  the  waiting  time  factor 
weight.  Constraining  the  maximum  number  of  lines  traversed 
in  a  vehicle  blcck  increases  the  costs  of  the  system  ir. 
terms  or  deadhead  tine,  waiting  time  and  number  of  vehicles 
needed.  For  the  time  increment  methods,  the  block  Improve¬ 
ment  procedure  can  reduce  the  average  number  of  lines 
traversed  in  a  vehicle  blcck.  ' 


E.  AfiEAS  FOB  FUETHEB  INVES  TIGATIOS 

This  study  used  a  modified  linear  function  tc  develop 
the  cost  of  an  arc  based  or.  the  number  of  llr^s  traversed, 
the  number  of  lines  traversed  divided  by  the  number  of 
trips,  deadhead  and  waiting  times.  The  procedures  did  not 
attempt  to  find  the  optimal  values  for  the  weiuhts  of  each 
factor,  rather,  examined  to  see  if  this  type  of  approach 
cculd  lead  to  feasible  solutions.  The  true  sensitivity  to 
each  of  the  factors  has  not  been  fully  determined,  instead, 
guidelines  were  given  as  to  whether  or  not  a  factor  should 
have  a  ncr-zsro  weight.  An  investigation  into  finding  cut 
if  a  ratio  of  one  weight  to  another  might  lead  tc  better 
solutions,  e.g.,  should  the  weight  for  deadhead  time  to 
waiting  time  be  2:1,  3:1,  or  what? 


Another  consideration  is  the  use 


of  the  modified  "lir.ear 


function.  The  objective  function  might  be  better  repre¬ 
sented  by  a  non-linear  form.  An  example  is  the  factor 
concerning  waiting  time.  Some  waiting  time  could  be  consid¬ 
ered  an  asset  so  as  to  catch  the  schedule  up  if  the  vehicle 
falls  behind  schedule  or  to  allow  for  driver  relief,  etc. 
The  modified  lir.ear  function  assumed  a  value  of  0  for  the 
waiting  time  if  less  than  a  given  value  (for  the  study  it 
was  5  minutes)  .  It  does  not  necessarily  seem  logical  that 
waiting  time  as  a  cost  would  be  linear  after  •‘•ha t  time  since 
it  would  become  more  of  a  cost  and  the  relationship  to  the 
cost  might  net  be  linear.  Similar  logic  could  be  applied  to 
deadhead  time.  Some  deadhead  time  is  a  fixed  cost  but  the 
deadhead  tdue  fr  cm  ore  location  to  another  might  be  benefi¬ 
cial  somewhere  down  the  schedule  since  it  might  make  a  valid 
connection  which  could  end  up  saving  more  than  *hs  cna  cost. 
Cna  approach  to  answer  this  might  be  to  derive  a  tentative 
vehidle  block  then  apply  a  savings  type  algorithm  to  it. 
This  type  of  approach  could  take  the  place  of  or  be  in  addi¬ 
tion  to  the  block  inprovement  procedure.  Another  possible 
solution  might  be  to  derive  a  strictly  non-linear  function. 

The  procedures  looked  at  dealt  only  with  vehicle  sched¬ 
uling  and  ignored  the  driver  scheduling  problem.  If  the 
problem  is  to  be  solved  using  a  simultaneous  method  for  both 
the  dr iver/vehic le  scheduling,  how  can  these  procedures  be 
applied?  Cne  could  add  more  constraints  so  as  to  satisfy 
the  driver  scheduling  problem  but  will  it  still  lead  to  a 
reasonable  solution?  Question  in  this  area  of  driver/ 
vehicle  scheduling  can  lead  into  other  areas  for  further 
research. 

The  procedures  developed  were  applied  only  to  two  small 
timetables.  The  application  to  a  larger  timetable  and  the 
resultant  solution  should  be  investigated  to  get  a  better 
feel  for  the  values  of  the  weights 
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for  the  different 


factors.  The  effect  of  constraints  on  how  long  a  vehicle 
can  prefcra  a  schedule  should  be  investigated,  along  with 
the  effect  of  heterogeneous  vehicles  and/or  multiple  depots. 

Beyond  the  questions  of  deriving  vehicle  blocks  is  the 
question  of  concatenating  the  blocks  into  feasible  and 
reasonable  vehicle  schedules.  The  procedures  used  in  this 
study  were  fairly  simple.  Concatenating  the  vehicle  blocks 
could  be  approached  using  a  savings  type  approach  which 
could  interchange  trips  from  one  vehicle  block  tc  another 
vehicle  tlcck  in  order  to  reduce  some  desired  factor. 
Additional  approaches  are  as  many  as  there  are  oscple  to 
derive  them. 


C.  COMMENTS 

As  any  individual  who  has  attempted  tc  scive  a  vehicle 
scheduling  cr  a  driver  scheduling  problem  can  attest,  there 
may  net  be  a  common  answer  as  to  the  oest  solution  or  tc  how 
to  derive  a  reasonable  solution.  This  study  has  shewn  --hat 
reasonable  solutions  to  -he  vehicle  scheduling  problem  with 
interlining  constraints  can  be  obtained  using  the  two  proce¬ 
dures  described.  The  matching-based  procedure  does  produce 
tetter  solutions  and  can  give  comparable  solutions  to  a 
schedule  that  is  in  existence  for  a  mass  transit  system. 
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